Alkyl, aryl and acyl-substituted pyrrolidinones as an alternative to isoxazolines can be formed by [3+2] cycloaddition reactions between alkyl oxaziridines and aliphatic alkynes. The structures of isolated products change with oxaziridines Ar groups and with alkynes R and R' groups.
Introduction
The oxaziridines represent a class of biologically active small heterocycles 1, 2 whose use is becoming more prevalent in organic synthesis. The high ring strain of this three-membered ring makes it reactive towards a wide variety of substrates. For instance, it can be used both as a nitrogen transfer 3, 4 and oxygen transfer 5, 6 reagent in synthetic organic chemistry. It has also been extensively used in asymmetric synthesis. 7, 8, 9, 10 Moreover, it has been reported that oxaziridines undergo a cycloaddition reaction with a variety of heterocumulenes to afford a different set of five-membered heterocycles. 7, 8, 9, 10, 11 We have recently described a simple and highly efficient [3+2] cycloaddition reaction between a variety of aryl alkenes 12 or alkynes 13 and 2-alkyl-3-aryloxaziridines. This new behaviour led to 2-alkyl-3,5-diarylisoxazolidines and 2-alkyl-3,5-diarylisoxazolines, respectively, as shown in Scheme 1. The yield of the reaction was good, with reaction time between 2 and 16 h, depending on the Ar and Ar' type on the reactants. No product was formed with internal alkenes and alkynes such as 1-phenyl-1-propene or 1-phenyl-1-propyne, and the absence of reaction in these cases was justified as due to steric effects. Continuing our investigation, we report here the results of reactions between oxaziridines and terminal and internal aliphatic alkynes. These results are novel and unexpected, as they differ from those previously obtained.
Results and Discussion
The reaction between 3-aryl-N-tert-butyl-oxaziridines and a terminal alkynes is represented in Scheme 2; Table 1 shows the corresponding results. [3+2] Cycloaddition reactions take place with high regioselectivity, bonding the oxygen and the nitrogen of the oxaziridine the internal and the terminal carbons of the alkyne, respectively. However different products were isolated depending on the substituents on starting materials. Isoxazoline was isolated when the starting oxaziridine carries an electron-withdrawing group on C-3, such as the thiazolyl group (entry 1, Table 1 ). The stable isoxazoline 1a was isolated with good yield in a relatively short reaction time, (20 hours). When the isoxazoline bore the benzothiazolyl group on C-3 the isoxazoline 1b and the keto-amine 3a were obtained in a ratio depending on the reaction time (entries 2-3, table 1). 3a could result from the opening of 1b, as a consequence of NO bond cleavage, and rearrangement with double bond shift in conjugate position. Compound 3a exist as a six-membered ring (Scheme 2) as demonstrated by the low absorption intensity showed by the carbonyl group in IR spectroscopy and by the high chemical shift value of the aminic group, NH, in 1 H NMR spectroscopy. Moreover, when 1b was refluxed in toluene, in the same reaction conditions, it was transformed in 3a in few hours, as showed by GC-MS data and 1 H NMR spectroscopy. Cycloaddition speed increased with terminal polarized alkynes carrying an electron-withdrawing group, such as Br or PhO in the propargylic position, entries 4-7 Table 1 . Moreover, as a consequence of the presence of 2-benzothiazolyl group in 1e, the opening of isoxazoline gave compound 3b in a percentage depending on reaction times, (entries 6-7, Table 1 ). In all the other cases where 1-hexyne was used as the alkyne, 3-pyrrolidinones 2 a-d (entries 8-11, Table 1 ) were isolated only in the cis form. The unexpected formation of pyrrolidinones is a new result. This behaviour can be justified by a double bond isomerization from internal to external side of the isoxazoline ring (A B), Figure 1 . The subsequent opening of (B) to give structures (C), showing a keto-enolic equilibrium, would be followed by the cyclization to afford the pyrrolidinone structures D. The 1 H NMR spectrum of the reaction crude material showed the presence of two diastereomers for pyrrolidinone D (as detailed in the experimental section) in a ratio close to unity. Only the cis isomer was isolated after separation via chromatography on silica gel. In order to verify that the isomerization was generated by the silica, we monitored the reaction crude material by GC and TLC, after the addition of 2-3 g of silica gel. The total conversion of the trans-isomer into the cis-isomer occurred in 2-3 h. The keto-enolic equilibrium (D E) and the strong steric hindrance of the tert-butyl group favour the more stable cis-isomer, Figure 1 . Noesy NMR experiments on the cis-3-pyrrolidinones 2 a-d showed that the tert-butyl group assumed the more stable trans configuration with respect to the other two substituents at C-2 and C-5. The reactions of the oxaziridines with internal alkynes were slower than that occurring with terminal alkynes and showed different trend and results. While the 1-phenyl-1-propyne did not give any reaction even after few days, 7 an aliphatic alkyne, such as the 2-and 3-hexyne, led to 5-acyl-isoxazolines with lower yields and longer reaction times (60 -90 h), Scheme 3. We further investigate the unexpected reaction. The GC-MS analysis of the reaction mixture of entry 1, Table 2 , showed the presence of traces of 4-hexyn-3-one and large amounts of benzyliden-tert-butylamine. We therefore assumed that the internal aliphatic alkyne was previously oxidized at the propargylic position by oxaziridine, forming the 4-hexyn-3-one. The carbonyl function formed in the α position polarizes and activates the triple bond towards the subsequent cycloaddition reaction, Scheme 4. This trend could justify the lowest yield of this reaction calculated on the starting oxaziridine, which is partly consumed to oxidize the internal alkyne at the propargylic position. To verify this hypothesis the reaction was carried out with internal alkynes having α carbonyl groups such as the 3-hexyn-2-one. This change resulted in a faster reaction (2 hours) with a higher yield (75%), affording compound 7 as the only product.
Furthermore, when cycloaddition reaction was carried out between 4-Ph-3-butyn-2-ol and 3-Ph-N-tert-butyl oxaziridine, the acyl-isoxazoline 11 was isolated as the only product (Scheme 5). Also in this case the presence of oxidized intermediate 4-Ph-3-butyn-2-one, observed in trace by 1 H NMR and GC-MS spectroscopy, confirmed the mechanism illustrated in Scheme 5. [3+2] cycloaddition with secondary propargylic alcohol. In contrast, an internal aryl alkyne, such as 1-phenyl-1-propyne, was not able to be oxidized to a ketone, and therefore did not react.
Conclusions
In this contribution, we presented the different behaviours of oxaziridines towards the reaction with terminal and internal alkynes. The two different pathways of the [3+2] cycloaddition reaction have been proposed and justified. Moreover, a new reactivity of oxaziridines, namely the oxidation of propargylic carbon CH 2 or CH-OH in carbonyl group, was evidenced. The possibility of obtaining alkyl, aryl, and acylsubstituted isoxazolines and pyrrolidinones by changing the starting substrates makes the presented new reactivity extremely interesting in the organic synthesis of biologically active compounds.
Experimental Section
General. All reactions were performed under an atmosphere of nitrogen in oven-dried glassware, using syringe/septum cap techniques. Reagents were generally the best quality commercial grade and used without further purification unless otherwise indicated. Et 2 O and THF were purified by distillation from sodium before use. CH 2 Cl 2 was distilled from calcium hydride before use. Petroleum ether refers to the 40-60 °C boiling fraction. The imines were prepared according to Taguchi's method. 14 The spectroscopic data observed were in agreement with those reported in literature for the same imines. Network mass-selective detector operating at 70 eV. The electrospray ionization (HR-ESI-MS) experiments were carried out in a hybrid QqTOF mass spectrometer (PE SCIEX-QSTAR) equipped with a ion spray ionization source. MS (+) spectra were acquired by direct infusion (5 µL/min) of a solution containing the appropriate sample (10 pmol/µL), dissolved in a solution 0.1% acetic acid, methanol/water 50:50 at the optimum ion voltage of 4800 V. The nitrogen gas flow was set at 30 psi (pounds per square inch) and the potentials of the orifice, the focusing ring and the skimmer were kept at 30, 50 and 25 V relative to ground, respectively. Melting points were determined using an Electrothermal melting point apparatus and are uncorrected. TLC was performed on Merck silica gel plates with F-254 indicator; viewing was by UV light (254 nm).
Column chromatographies were performed on silica gel (63-200 mm) using petroleum ether/diethyl ether or petroleum ether/ethyl acetate mixtures as eluents.
General procedure for the preparation of oxaziridines
A small excess of m-chloroperbenzoic acid (1.1 mmol) in 3 mL of CH 2 Cl 2 was added to a solution of imine (1.0 mmol) dissolved in CH 2 Cl 2 (5 mL) under stirring and cooling (0-5 °C). When the reaction was complete, the excess of m-chlorobenzoic acid was removed by filtration. The filtrate was washed twice with a dilute solution of Na 2 SO 3 (5%), then with a solution of Na 2 CO 3 (5%), and finally with water. After drying over anhydrous MgSO 4 , the mixture was concentrated in vacuo and the crude product was purified by column chromatography (silica gel partly deactivated with triethylamine) petroleum ether : diethyl ether 95:5 for phenyl oxaziridines and petroleum ether : diethyl ether 8:2 for all other oxaziridines.
General procedure for the [3+2] cycloaddition reaction
A solution of alkyne (1.5 mmol) and oxaziridine (1.0 mmol) in toluene (10 mL) was refluxed under magnetic stirring. When TLC showed the reaction to be complete, the solution was cooled to room temperature and evaporated to dryness to give a yellow crude material. The products were isolated by flash chromatography on silica gel, petroleum ether: diethyl ether 95:5 for 1a-c, 2a, 2c, 3a, 4, 5, 8; petroleum ether: diethyl ether 90:10 for 2b, 6, 7, 9; petroleum ether: ethyl acetate 90:10 for 1d, 1e, 2d, 10; petroleum ether :diethyl ether 70:30 for 11 and identified by spectroscopic analysis. -2-tert-butyl-3-benzohtiazol-2-yl-2,3-dihydro-isoxazole (1b) ; found: (296.0570). -2-tert-butyl-3-(4-methyl-thiazol-2-yl)-2,3-dihydro-isoxazole (1d) (cis)-1-tert-Butyl-2-propyl-5-p-tolyl-pyrrolidin-3-one (2b) 
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